A combination of state-of-the-art isotopic fingerprinting techniques and atmospheric transport modelling using real-time historical meteorological data have been used to demonstrate direct tropospheric transport of radioactive debris from specific nuclear detonations at the Semipalatinsk test site in Kazakhstan to Norway via large areas of Europe. A selection of archived air filters collected at ground level at 9 stations in Norway during the most intensive atmospheric nuclear weapon testing periods (1957 -1958 and 1961 -1962) have been screened for radioactive particles and analysed with respect to the concentrations and atom ratios of plutonium (Pu) and uranium (U) using accelerator mass spectrometry (AMS Pu (0.0193 -0.046) atom ratios, characteristic of close-in and tropospheric fallout, were observed in filters collected at all stations in Nov 1962, 7 -12 days after three low-yield detonations at Semipalatinsk (Kazakhstan). Atmospheric transport modelling (NOAA HYSPLIT_4) using real-time meteorological data confirmed that long range transport of radionuclides, and possibly radioactive particles, from Semipalatinsk to 2 Norway during this period was plausible. The present work shows that direct tropospheric transport of fallout from atmospheric nuclear detonations periodically may have had much larger influence on radionuclide air concentrations and deposition than previously anticipated.
Introduction
The primary sources of anthropogenic radionuclides in the environment are the atmospheric nuclear tests that were carried out during the period 1945 to 1980. A total of 543 atmospheric detonations were conducted worldwide, with a total yield of 440 Mt (megatons TNT equivalents) distributed as local (~15%), tropospheric (~8.5%) and stratospheric (~76%) fallout (UNSCEAR 2000a). The apportionment of debris into the different atmospheric compartments depended primarily on the yield of the detonation, the detonation height and the latitude at which the tests took place. Debris from low-yield detonations remained almost completely in the troposphere and deposited downwind of the detonations, while high-yield detonations injected most of the debris into the lower or upper stratosphere. Debris inserted into the stratosphere was removed by atmospheric exchange processes and deposited essentially uniformly on the surface of the hemisphere on which the detonation took place. detonations. An overview of the abundances of 236 U, 240 Pu, 241 Pu, 242 Pu and 244 Pu relative to 239 Pu associated with different sources are summarized in table 1.
During the period 1957 -1982 the Norwegian Defence Research Establishment (FFI)
measured gross beta activities in ground level air on a daily basis. There were 2 -11 air filter stations in operation nationwide (Njølstad 2006; Saebø et al. 1998 ). While the collected gross beta data show clear indications of influences from nuclear weapons tests, they do not provide information on the specific source of the fallout.
Tropospherically transported debris from atmospheric nuclear detonations has been assumed to follow the prevailing wind directions at the test site latitude, and air concentrations and deposition to be strongest downwind of the test site. Deposition of debris at areas distant from the test sites is thus assumed to be dominated by stratospheric fallout. 
Materials and methods

Archive air filters
The Norwegian air monitoring programme covered the time period of 1956 -1982. During this period air filters were sampled daily at 2 -10 stations ( Fig. 1) (Njølstad 2006) . At the air filter stations, 430 m 3 of air was pumped through cellulose asbestos filters (Draeger, Draegerwerk, Lübeck Germany) over a period of 24 hrs (Small 1959 ). The filters were specified to retain more than 99.9 % of particles larges than 0.3 µm at the flow rates used (Lockhart et al. 1964 ). The air intake of the filter stations were positioned 2 m above the ground, and the filters were changed every 24 hours. After sampling, the filters were sent for analysis at a central lab, and the gross beta activity was determined 48 -72 hrs after the collection (Bergan personal communication; Hvinden 1958 ).
Air filters from 1957 and onwards were available for this work. The air filters selected were collected from the time before and after the moratorium, from 9 October 1957 (Sola) through 8 June 1963 (Røros). The samples were collected at seven coastal locations (Bergen, Sola, Ålesund, Vaernes, Bodø, Tromsø and Vadsø) and two inland locations (Gardermoen and Røros). Vadsø was the northernmost sampling site, situated some 850 km southwest of Chernaya Bay, which was the southernmost testing site for nuclear devices at Novaya
Zemlya. Air sampling performed in this way offers an exact geographical location and unique time resolution that is ideal for the purpose of this work.
Selection of filters
Filters were primarily chosen from three locations:
Bergen representing a southern coastal site,
Røros representing an inland site and
Vadsø for its proximity to Novaya Zemlya and being the northernmost site.
In addition, filters from the other sites ( Fig. 1) were chosen based on high gross beta
activities. An episode with particularly high gross beta activities occurred in November 1962.
It has previously been assumed that the high activities registered in this episode originated from a detonation at Novaya Zemlya in October / November 1962 (Hvinden et al. 1964 ).
Hence, filters from all stations during this episode were selected for analysis. Finally, four filters from 1957 (October) and three from 1958 (June) with relatively high gross beta activities were chosen to represent the activity concentrations and atom ratios associated with pre-moratorium tests.
Autoradiography
In order to identify radioactive heterogeneities on air filters, archived filters were subjected to digital autoradiography (Molecular Dynamics storage phosphor screen). The storage phosphor screens were exposed to filters for 30 days in a (low activity) lead chamber, whereupon the plates were scanned within 1 hour with a Typhoon 8600 digital image scanner (resolution 100 µm).
Sample dissolution and radiochemical separations
Unless stated otherwise all chemicals used were of analytical grade. Ultra-pure HNO 3 and
HCl were produced in the laboratory using a sub-boiling distillation unit (Milestone SubPure), and used for digestion, ion separation and final sample preparation. Deionised water (18 ) was obtained from a MilliQ apparatus (Barnstead B-pure).
Approximately 0.4 -0. 
Determination of Pu and U
Concentration and atom ratios of U and Pu were determined by accelerator mass spectrometry using the 14 UD pelletron tandem accelerator at the Australian National University (ANU), 
HYSPLIT air transport modelling
The use of the HYSPLIT model in simulating dispersion of debris from nuclear detonations and accidents has been well documented (e.g. Draxler and Hess (1997), Draxler and Hess The gross beta activities in air filters were generally higher in spring and early summer. After the passage of the spring maximum in 1959 (early May), the gross beta activities decreased rapidly and remained consistently low during the remaining moratorium period (1959 -1962) . Following the resumption of Former Soviet Union nuclear testing in 1961, a substantial increase is observed 12 -14 days later. An event with particularly high gross beta activity concentrations is seen in November 1962, and will be discussed in section 3.6.1.
Radioactive heterogeneities in filters-Autoradiography
Radioactive heterogeneities indicating the presence of particles were observed as hotspots in digital autoradiographs in filters from periods with atmospheric nuclear detonations. Digital concentrations is corroborated by the fact that particle indications are absent or at best ambiguous in filters from the spring. The concentration of radionuclides is normally higher in the spring due to the arrival of the spring peak deposition. Since the absence of particles in debris from nuclear detonations is unlikely, it must be assumed that particles are either too small to be detected by digital autoradiography, or embedded too deeply in the air filter material. Considerable efforts were made to localize Pu or U containing particles by ESEM-XRMA and synchrotron; however, concentrations proved to be too low for detection by these methods.
Activity concentrations of Pu and 236 U in filters
The activity concentration of Pu, 236 U, the atom ratios and gross beta activities for all stations are presented in Pu atom ratios were generally lower in autumn and winter samples (September through January) than in spring and summer samples (March through July); this applies in particular to periods with atmospheric nuclear testing. (1600 and 2900 kt respectively), are expected to be similar to or somewhat higher than the ones associated with the above mentioned detonations. All other northern hemisphere detonations during August -October 1957 had considerably lower yields (<520 kt) and 240 Pu/ 239 Pu atom ratios in debris from these detonations should be significantly lower. Table S1 and Pu atom ratios at low yields, it is reasonable to assume that both thermonuclear and / or boosted fission devices would produce higher atom ratios than those observed in the filters. The detonations over Semipalatinsk on the other hand were smaller, November 1962 (not shown) demonstrating that direct transport of debris from these tests to
Norway was not plausible.
The highest concentrations over Norway were measured in an area spanned by Røros and Gardermoen in East and Ålesund in West (cf. Fig. 1 ). Gross beta activities and 239+240 Pu activity concentrations were well correlated (R 2 =0.92, P=0.000075) during the incident,
suggesting that these signals originate from the same source. 
Conclusions
